While mechanobiological processes employ diverse mechanisms, at their heart are force-induced perturbations in the structure and dynamics of molecules capable of triggering subsequent events. Among the best characterized force-sensing systems are bacterial mechanosensitive channels. These channels reflect an intimate coupling of protein conformation with the mechanics of the surrounding membrane; the membrane serves as an adaptable sensor that responds to an input of applied force and converts it into an output signal, interpreted for the cell by mechanosensitive channels. The cell can exploit this information in a number of ways: ensuring cellular viability in the presence of osmotic stress and perhaps also serving as a signal transducer for membrane tension or other functions. This review focuses on the bacterial mechanosensitive channels of large (MscL) and small (MscS) conductance and their eukaryotic homologs, with an emphasis on the outstanding issues surrounding the function and mechanism of this fascinating class of molecules.
Introduction to Mechanosensitive Channels
All organisms, from single-celled bacteria to multicellular animals and plants, must sense and respond to mechanical force in their external environment (for example, shear force, gravity, touch) and in their internal environment (including osmotic pressure and membrane deformation) for proper growth, development, and health (Gillespie and Walker, 2001; Hamill and Martinac, 2001; Sukharev and Corey, 2004; Kung, 2005; Vogel and Sheetz, 2006; Hamill, 2007; Sachs, 2010) . A variety of proteins and protein complexes can sense and respond to such mechanical forces. Mechanosensitive (MS) channels provide an excellent opportunity to study the interplay between membrane mechanical properties and protein structure and function. It is important to emphasize that the membranes of cells and organelles do not behave as inert substrates that surround their associated membrane proteins; rather, the membrane is a dynamic medium that directly affects the function and spatial distribution of the proteins embedded in it (Engelman, 2005; Andersen and Koeppe, 2007) . Elucidating the molecular details of mechanosensation within the context of the membrane adds to the understanding of how mechanical force can generate biophysical alterations that in turn lead to adaptive changes in cellular physiology.
The interplay between lipid properties and protein function has been demonstrated in the case of two channel proteins found in the plasma membrane of E. coli, MscL (Mechanosensitive channel of Large conductance) and MscS (Mechanosensitive channel of Small conductance). MscL and MscS directly respond to changes in membrane tension by opening nanoscale protein pores; interaction with the membrane is thus an integral aspect of their function (Kung et al., 2010) . The importance of the membrane is supported by the observation that variations in the thickness of the phospholipid bilayer or the addition of compounds that induce spontaneous membrane curvature directly impact the tension required to open, or gate, MscL (Perozo et al., 2002) .
MscL and MscS were first identified from their membranestretch-regulated electrophysiological activities in the plasma membrane of giant E. coli spheroplasts (Martinac et al., 1987; Sukharev et al., 1993; Cui et al., 1995) . Subsequently, the mscL gene was cloned through a tour-de-force biochemical purification scheme (Sukharev et al., 1994) . The gene-encoding MscS, dubbed yggB, was identified through the use of a functional assay and reverse genetics (Levina et al., 1999) . It is clear that MscS and MscL function redundantly to protect cells from lysis upon severe hypoosmotic shock; other functions for these channels are possible but have not been demonstrated. Proteins related to MscS are predicted to exist in all three kingdoms of life (Kung et al., 2010) . MscS family members are widely distributed throughout bacterial and archaeal genomes, and multiple family members are often present (for example, the E. coli genome encodes five MscS-related proteins in addition to MscS itself Schumann et al., 2010] ). In the eukaryotes, MscS family members have been found in all plant genomes yet examined (for example, ten MscS-related proteins are present in the Arabidopsis thaliana genome) and in many (but not all) fungal genomes, but have not yet been identified in animals Pivetti et al., 2003; Haswell, 2007) . Figure 1 summarizes the functional and structural characteristics of the best-studied MscL and MscS channels from bacteria and eukaryotes.
Mechanosensitive Channels Are Interpreters of Membrane Tension
The essence of a mechanosensitive system is the ability to adopt conformational states with distinct functional properties in response to applied tension. From the standpoint of protein structure, the relevant parameters are the sensitivity of the conformational equilibrium to tension and the differences in functional properties between these states. For MS channels, the relevant functional property is the ability to mediate the flow of solutes across the membrane in a tension-dependent fashion. MS channels may be most simply described as the tension-dependent equilibrium between two states, closed (C) and open (O) , that differ in conductance (Sukharev et al., 1997) , as exemplified by the kinetic scheme where K is the equilibrium constant between closed and open states in the absence of tension. If there is a nonzero difference in cross-sectional area of the channel, with DA = A open -A closed , then the contribution of membrane tension s to the free energy of channel opening DG may be included through the expression DG = DG À sDA;
where DG = ÀRT ln K is the standard free energy for channel opening in the absence of tension. On average, half the channels will be open at the applied tension s 1/2 where DG = 0, and
Analogous expressions may be used to describe the behavior of voltage-gated channels, where s 1/2 and DA for mechanosensitive channels correspond to V 1/2 , the transmembrane voltage drop where half the channels are open, and z, the number of charges moving across the voltage drop.
The sensitivity of the conformational equilibrium to tension is encoded in DA (= dDG/ds). The larger the value of DA, the greater the shift in equilibrium in response to tension and the more ''mechanosensitive'' the channel. The relevant magnitudes of these quantities may be illustrated for a channel with DG of 24 kJ mol -1 (10 times the average thermal energy [RT $2.4 kJ mol -1 $4.1 pN nm (per molecule)]) and DA = 10 nm 2 requiring a tension of 4 mN m -1 to open the channel half of the time. It is worth noting that this behavior is not restricted to channels; any membrane protein capable of adopting multiple conformations with different cross-sectional areas will be mechanosensitive. Whether or not mechanosensitivity is a physiologically relevant property will depend on whether or (Levina et al., 1999; Caldwell et al., 2010) . Asterisks, overexpression of YbdG and MSL3 provides protection (Haswell et al., 2008; Schumann et al., 2010) . (Top middle panel) Conductance of endogenous channels in giant E. coli spheroplasts (MscL, MscS, MscK, MscM; reviewed in Kung et al., 2010) , channels heterologously expressed in giant E. coli spheroplasts (MSC1; Nakayama et al., 2007) or endogenous channels in Arabidopsis thaliana root cells (MSL10; Haswell et al., 2008) . (Bottom middle panel) Tension to gate expressed relative to MscL channels in the same patch (Berrier et al., 1996; Edwards et al., 2005; Li et al., 2007) . (Bottom panel) Channel monomer topologies as predicted by TOPCONS (http://topcons.net/). Mature versions (after processing of chloroplast-targeting sequences) of MSC1 and MSL3 are shown, and sequence loops connecting transmembrane helices were omitted for clarity. not a particular membrane protein encounters tensions of sufficient magnitude to significantly shift the conformational equilibria between functionally distinct states.
The application of tension to a membrane can result in changes in its thickness or curvature that can in turn alter the energetic balance of embedded proteins, leading, for example, to the stabilization of the open state of a channel (reviewed in Phillips et al., 2009 ). In the case that a protein can adopt multiple conformations that differ in cross-sectional area, then application of membrane tension will increasingly favor the state of largest cross-sectional area by an amount À sDA, just as the contribution of the more thermodynamically familiar ÀPDV term for bulk ideal gases, for example, implies that increasing pressure will stabilize the state of smaller volume. Different conformational states of a membrane protein will likely exhibit different cross-sectional areas (with the larger areas favored by increasing s), but also different interaction areas between the protein and membrane (with the larger interface disfavored by increasing s), so that the interplay between tension and conformation can give rise to a rich variety of outcomes. The ability to stably transition between distinct conformational states at physiologically relevant tensions (i.e., where sDA is approximately the energy difference between conformations in the absence of tension) is the key determinant of mechanosensitivity in a channel or other membrane protein.
The gating of MS channels can be experimentally monitored using patch clamp electrophysiology; the current flow through channels in a membrane patch at the end of a pipette is measured as a function of negative pressure (suction) to generate curvature and the associated tension in the patch (Guharay and Sachs, 1984; Hamill, 2006) . From the dependence of the open probability on applied tension, DA and DG for a MS channel may be evaluated. While this would appear to be a straightforward exercise in curve-fitting, there are two subtleties that complicate the analysis:
(1) Membrane tension is not directly measured but rather is calculated from DP, the negative pressure (suction) applied to the membrane patch, and r, the resulting curvature of the patch, through the Laplace-Young equation s = 2rDP (applications to MscL are described in Sukharev et al. [1999] and Moe and Blount [2005] ). As an estimate of the approximate values for these terms, a negative pressure of 5 3 10 3 Pa (0.05 atm) is required to generate a tension of 10 mN m -1 in a patch with a diameter of 1 mm (10 À6 m).
(2) If the channel population is nonuniform, with some channels activating at lower tensions and others at higher (perhaps due to heterogeneity in the local membrane environment or variable extent of channel modification), the net effect is to broaden the transition from nonconducting to conducting states, which is equivalent to underestimating DA (Chiang et al., 2004) .
The upper limit on the tension required to gate MS channels is set by the rupture point of membrane patches, typically 20-30 mN m -1 . Different MS channels have characteristic tension thresholds for opening, with MscL, MscS, and MscM requiring $10, 5, and 1 mN m -1 (Kung et al., 2010) , respectively, perhaps allowing a graded response in cells to imposed tension gradients ( Figure 1 ; see also the discussion on Physiological Functions of MscS and MscL Type Channels). MscL has been extensively characterized, with the most recent results yielding s 1/2 = 10.4 mN m -1 and DA = 20.4 nm 2 (Chiang et al., 2004) . The corresponding values for MscS reconstituted into liposomes are 5.5 mN m -1 and 8.4 nm 2 , respectively (Sukharev, 2002) , and in spheroplasts are 7.8 mN m -1 and 15 nm 2 , respectively (Belyy et al., 2010b) . Interestingly, it has been found that the critical gating tension depends upon the properties of the membrane itself, such as its thickness and the composition, including the presence or absence of curvature-inducing lipids. Using the representative values described above, DG for the free energy difference between closed and open states in the absence of applied tension may be calculated as 120 kJ mol -1 for MscL, and 30 or 70 kJ mol -1 for MscS in liposomes and spheroplasts, respectively. DG for MscL is large compared to other channels; for example, DG between closed and open states of a voltagegated channel in the absence of applied voltage may be calculated as $50 kJ mol -1 (Schoppa et al., 1992) , while the closed state of the acetylcholine receptor is favored by $35 kJ mol -1 relative to the open state in the absence of ligand (Jadey et al., 2011) . An earlier analysis of the gating behavior of MscL based on a two-state model with a uniform channel population yielded smaller values (s 1/2 = 11.8 mN m -1 and DA = 6.5 nm 2 , corresponding to DG = 46 kJ mol -1 [Sukharev et al., 1999] ), more consistent with the DG values observed for nonmechanosensitive channels.
In addition to DA and DG , which determine the sensitivity of the tension-dependent response, the other functionally relevant property of MS channels is their conductance. Conductance (G) is defined as the proportionality between the voltage drop (V) across the membrane and the ionic current flowing through the channel (I) using the Ohm's law type equation I = GV:
When I and V are in amperes and volts, respectively, the unit of conductance is the Siemen (the reciprocal of the Ohm, the unit of resistance). For bacterial channels, the conductances are in the 10 À9 S, or nanoSiemen (nS), range with MscL $3 nS, MscS $1 nS and MscM $0.4 nS (see Figure 1 ). For a conductance of 1 nS, the current flow through the channel at an applied voltage of 0.1 V would be 100 pA or $6 3 10 8 ions sec -1 . The conductances of bacterial MS channels are several orders of magnitude larger than that typically observed for ion-selective channels and are consistent with the formation of a large diameter pore in the open state that serves as a nonselective channel. The pore diameter of MscL in the open state, for example, has been estimated from sieving experiments to exceed $3 nm (Cruickshank et al., 1997) , accommodating the passages of small proteins up to 9 kD (van den Bogaart et al., 2007) . While ionic conductance is a useful proxy for function, neither MscL nor MscS exhibits significant specificity for any particular ion, so a more functionally relevant parameter would be the water flux or volume flow through the channel. To our knowledge, this quantity has not yet been experimentally determined for either MscL or MscS; a flux of $4 waters per ns through an open MscL channel was indicated in the computational studies of Louhivuori et al.
(2010), which was sufficient to relax an osmotically stressed liposome in microseconds.
Membranes Are Adaptable Sensors of Tension; No
Trapdoors Required! One of the main outstanding questions concerning the behavior of MS channels is the mechanistic basis of their function. That is, how is it that tension in the surrounding membrane can be communicated to the channel itself, resulting in the conformational change to the open state? The schematics used to illustrate current thinking on these questions often depict physical linkages that pull on particular parts of the membrane protein in much the same way that pulling on an attached spring can open a trapdoor ( Figure 2 ). However, as discussed below, direct physical linkages between an MS channel and the membrane are not a prerequisite to channel gating, and one competing class of hypotheses invokes no direct physical linkages at all.
To illustrate the logic of the latter argument, we consider an analogy based upon the force-induced unfolding of DNA. The field of single-molecule biophysics has developed as a fascinating and useful tool for exploring the molecules of life. One of the premier tools in this field is the optical trap, which makes it possible to hold onto individual molecules as they perform their functions. For example, it is now nearly routine to hold onto individual molecular motors as they step along their cytoskeletal tracks (see the discussion in Phillips et al., 2008, chapter 16) . But the field has gone even farther in the development of single-molecule force spectroscopy, which allows the investigator to ''read out'' the signature of a given molecule on the basis of the relation between the applied force and the resulting displacement. Indeed, this has become so commonplace that the force-extension characteristics of DNA are now used to cali-brate instruments such as optical and magnetic traps (Strick et al., 2000; Nelson, 2003; Phillips et al., 2008) .
For the purposes of our argument, we consider the free energy competition that leads to extension of DNA molecules when subjected to pN-scale forces. What are the dynamical origins of the resistive force offered by a DNA molecule such as the 48.5 kbp genome of bacteriophage lambda as it is progressively stretched using an optical trap? The answer is that this resistive force arises from the decreased entropy of the DNA molecule as it is stretched from a blob into an extended conformation. It is only in the very high-force limit that we should think of the forces on a DNA molecule as resulting from stretching the ''springs'' of the individual atomic bonds. At low forces, it is entropic elasticity that dictates the measured force-response with no requirement for bond stretching (Smith et al., 1996; Nelson, 2003; Phillips et al., 2008) .
To continue the analogy as it pertains to the gating of channels such as MscL, we need to consider the free energy cost of deforming the membrane surrounding the channel of interest. A simple estimate reveals that, as in the case of the force-induced unfolding of DNA, there is a free energy competition between the applied load and the free energy cost of inducing conformational changes in the molecule-in this case, the MS channel and the lipids that surround it (Wiggins and Phillips, 2004) . For the combined system of channel, surrounding membrane, and loading device, opening of the channel results in a favorable reduction in the free energy of the loading device and a concomitant increase in the free energy of the membrane surrounding the channel. If we imagine the perimeter of the channel to induce membrane deformation (as a result of hydrophobic mismatch or midplane bending), then the open conformation, which has a larger radius than the closed conformation, has a higher The closed state of a channel embedded in a bilayer will be at equilibrium in the absence of applied tension (left). The application of tension to a membrane (right) will serve to stabilize conformational states with greater cross-sectional areas of an embedded channel, with the larger areas favored by increasing tension. However, the change in protein conformation will perturb the membrane-protein interactions (schematically indicated by the compressed bilayer dimensions adjacent to the protein), which will contribute an unfavorable free energy term proportional to the interaction area between protein and membrane. As a consequence of these two competing effects, the interplay between tension and protein conformation can give rise to a rich variety of outcomes for the effect of tension on channel function without the membrane pulling directly on the channel. (Lower panel) The trapdoor mechanism. In this model tension is coupled to the channel through an extramembrane component, such as the cytoskeleton or peptidoglycan (depicted by the bar with embedded ovals above the membrane), connected to a gate (trapdoor) covering the channel in the closed state (left). Movement of the extramembrane component relative to the membrane stretches the connecting spring, resulting in the opening of the trapdoor (right). In this simplified mechanism, the membrane and channel are more passive participants with the applied tension doing work outside the membrane. It should be emphasized that these representations depict idealized mechanisms that are not mutually exclusive; activation barriers could be present that require direct interaction between components even when the overall transition is energetically favorable. deformation free energy because the larger channel perimeter induces a larger region of deformed membrane. It is thus the interplay between two competing free energies-the energy of the deformed membrane and the reduced energy of the loading device upon channel opening-that determines whether the open or closed state is most favorable. Clearly, as the applied load increases, the competition tilts in favor of the open state.
The key point is that this composite free energy results in channel gating without the need for any physical links to tug on particular parts of the protein (see Figure 2 ). However, as is clear from our discussion of parameters such as the area change and the hydrophobic mismatch, a prerequisite to such physical model building is an understanding of the structure of these proteins in both open and closed states in the context of the lipid bilayer.
Molecular Architecture of MscL and MscS Crystal Structures of MscL and MscS
Some general architectural elements of relevance to mechanosensitivity may be identified from the existing crystal structures of MscLs from M. tuberculosis (MtMscL, Figure 3A ) (Chang et al., 1998) and S. aureus (SaMscL, Figure 3B ) (Liu et al., 2009) , and structures of E. coli MscS (EcMscS) in distinct conformational states (Figures 4A [Bass et al., 2002; Steinbacher et al., 2007] and Figure 4B [Wang et al., 2008] ). These channels are organized as symmetric oligomers with the permeation pathway formed by the packing of subunits around the axis of rotational symmetry. MscL and MscS are likely pentameric and heptameric, respectively, as originally observed in the MtMscL and EcMscS structures. The more recent SaMscL structure is a tetramer however, and there is clear evidence for oligomeric state variability of MscL, as least when overexpressed and detergent extracted (see below).
Although they share a common organization of an N-terminal transmembrane (TM) domain and a C-terminal cytoplasmic domain, the overall arrangements of the polypeptide folds in MscL and MscS are distinct, indicating that they do not share a common evolutionary ancestor. MscL and MscS contain two and three TM helices, respectively, packed in a relatively simple up-down/nearest neighbor topology. The packing of symmetryrelated helices, either TM1 in MscL or TM3 in MscS, into a righthanded bundle generates the permeation pathway across the membrane. The striking pattern of conserved Gly and Ala residues noted in MscL and MscS (Moe et al., 1998; Levina et al., 1999) correspond to residues localized at these helix-helix packing interfaces. The permeation pathways of both channels are roughly funnel shaped, with the larger opening facing the periplasmic surface of the membrane and the narrowest point near the cytoplasm. At their narrowest point, the pores are constricted by the side chains of symmetry-related residues: Leu19 and Val23 in MscL, and Leu105 and Leu109 in MscS (unless otherwise specified, residue numbers refer to the E. coli MscL or MscS sequences as appropriate). Hydrophobic plugs have been similarly noted in the acetylcholine receptor (Miyazawa et al., 2003) and potassium channels (Doyle et al., 1998; Kuo et al., 2003) and may allow the channel to maintain a closed state without being completely shut geometrically Beckstein and Sansom, 2004) . In both MscL and MscS, the pore-forming helix connects directly to a helix likely to be positioned near the cytoplasmic surface of the membrane.
Experimental Approaches to Characterizing the Gating Transition
Given the substantial pore diameters present in their open states, MscL and MscS present attractive targets for characterizing the structural details underlying the conformational transitions that accompany channel gating; even low resolution techniques can provide important insights. A major experimental challenge to these studies, however, is the stabilization of defined conformational states (closed, open, inactive, etc.) of the channel. The successful realization of this objective absolutely requires the availability of a robust functional assay to characterize the state of the channel. For MS channels, patch clamp electrophysiology represents the ''gold standard'' for monitoring stretch-activated channel current, since this provides quantitative information on the tension-dependence and conductance (Guharay and Sachs, 1984; Sukharev et al., 1994; Hamill, 2006) . The downshock assay provides another approach based on measurement of the survival to an osmotic downshock protocol of cells expressing defined sets of MS channels (Levina et al., 1999) . The efflux of differently sized solutes through MscL has been assessed using a fluorescence assay with channels reconstituted into proteoliposomes (van den Bogaart et al., 2007) . However, in our view, these assays should be complemented with creative new ways to look for as-yet undiscovered functional consequences of these channels and with a more complete characterization of how these channels are regulated.
Two constraints to the experimental study of MS channels are: (1) it is difficult to continuously subject purified channels to applied tension, and (2) no pharmacology has been described that could serve to trap either MscL or MscS in state-specific form (as is possible with voltage-or ligand-gated channels). These constraints notwithstanding, a variety of approaches (Bass et al., 2002; Steinbacher et al., 2007) and (B) open (Wang et al., 2008) states. The organization of this figure parallels that represented in Figure 3 for MscL. The scale bar between the space-filling models equals 3.7 nm; assuming that the cross-sections of each structure are depicted as regular heptagons with this side length, the corresponding areas are 50 nm 2 . If lipids can intercalate between the splayed TM1-TM2 of adjacent subunits in the nonconducting/inactivated structure (A), the cross-sectional area will be reduced from this value (see text); as a rough guide to the magnitude of this effect, a square of area 1 nm 2 is depicted, which corresponds approximately to the gap between adjacent subunits.
have been developed to deduce the conformational changes underlying gating transitions; although these have been applied specifically to MS channels, they parallel efforts aimed at dealing with the broader challenges of trapping conformationally variable macromolecular systems in defined states. Here we highlight some of those approaches.
Crosslinking
A conceptual breakthrough in understanding the open state of MscL came from an approach developed by Sukharev and Guy based on disulfide trapping, electrophysiology, and modeling studies (Sukharev et al., 2001a (Sukharev et al., , 2001b . Cysteines were introduced at specific sites to form disulfides upon downshock conditions, demonstrating the proximity of these residues in the presumptive open state. This analysis defined an ''iris''-type mechanism ( Figure 3C ) for the interconversion of open and closed states involving substantial changes in helical tilt away from the membrane normal coupled to a sliding motion along the helixhelix packing interfaces such that the pore is primarily composed of residues from TM1 in both states. In the Sukharev-Guy model of the open state (''SG-model''), these rearrangements result in the formation of a pore of diameter $3.5 nm, consistent with that anticipated for a channel of conductance $3 nS.
Spectroscopic Probes of Structure
Based on an inspired analysis of the gating transition, Perozo and coworkers were able to stabilize open conformations of MscL and MscS using cone-shaped lysophospholipids to perturb the energetics of lipid packing around a channel (Perozo et al., 2002; Vá squez et al., 2008) . Through the use of site-directed, spin-labeling-based electron paramagnetic resonance methodologies, the environments of the residues in the TM helices of MscL and MscS were characterized and converted into threedimensional structures through computational approaches. These studies provided direct support for a mechanism that involves the expansion of the channel in the open state and lining of the permeation pathway predominantly by residues in TM1 (MscL) and TM3 (MscS), although some details differ from those proposed by Sukarev and Guy for MscL. More recently, fluorescence resonance energy transfer-based methods have been employed by Martinac and coworkers to study lysophospholipid-driven gating of MscL in liposomes (Corry et al., 2010) .
Random Mutagenesis and Screening
Residues critical for the gating of MscL were initially identified through the isolation of ''gain of function'' mutations by Kung's group through random mutagenesis and screening for variants that exhibited a slow or no-growth phenotype due to leakage of cytoplasmic solutes, even when grown under little or no hypo-osmotic stress (Ou et al., 1998) . The most severe of these mutants were subsequently observed to map to the TM1-TM1 interface in the MtMscL structure. Studies by the Dougherty group characterizing the phenotypes of strains following random mutagenesis identified the periplasmic loop region as contributing to the gating transition (Maurer and Dougherty, 2003) . A genetic screen identifying MscS variants leaky to potassium highlighted the importance of interactions between TM3 and the cytoplasmic domain for stabilizing nonconductive and inactivated conformations (Koprowski et al., 2011) .
Site-Directed Mutagenesis and Accessibility
The systematic mutagenesis of residues in the membrane-spanning helices of MscL and MscS has provided major insights into the gating transition, particularly the demonstration that increasing the polarity of specific residues near the constriction point facilitates channel opening for MscL (Yoshimura et al., 1999) , MscS (Miller et al., 2003a; Edwards et al., 2008; Vá squez et al., 2008) , and MscK . Mutagenesis of conserved Gly and Ala in MscS TM3 has been used to address helical rearrangements during channel opening (Edwards et al., 2005; Akitake et al., 2007) . In combination with chemical modification, including alkylation or metal binding (Iscla et al., 2004) , applied during downshock, these approaches provide powerful approaches for the study of conformational rearrangements or residue interactions that help define the pore architecture in the open state.
Lipid-Protein Interactions
The interface between MS channels and the membrane have been probed in various ways by exploring the consequences of reconstituting MscL into proteoliposomes of differing fatty acid acyl chain length and head group (Perozo et al., 2002) , probing the exposure of residues to the hydrophobic membrane environment through the site-directed substitution of TM residues with asparagine (Yoshimura et al., 2004; Nomura et al., 2006) , and the application of tryptophan-scanning mutagenesis with fluorescence spectroscopy to define the extent of the hydrophobic interface (Powl et al., 2003; Rasmussen et al., 2007) . These studies indicate that there is efficient hydrophobic matching between MscL and the membrane, such that decreasing membrane thickness facilitates channel opening.
Computational Studies
Computational studies have been informative in defining the closed-to-open transition, particularly in illuminating the helical rearrangements, the lining of the pore primarily by TM1 for MscL and TM3 for MscS, and probing conformations beyond closed and open (subconducting and inactivated states) (Elmore and Dougherty, 2001; Gullingsrud et al., 2001; Kong et al., 2002; Gullingsrud and Schulten, 2003; Sotomayor and Schulten, 2004; Spronk et al., 2005; Sotomayor et al., 2007; Anishkin et al., 2008a Anishkin et al., , 2008b Tang et al., 2008) . A recurring implication of these calculations is the existence of strikingly nonsymmetric conformations, which should be kept in mind when interpreting the results of crystallographic and biophysical investigations (see also Shapovalov et al., 2003) . An important development is the simulation of solute release (40 ms) through a channel embedded in a liposomal membrane (Louhivuori et al., 2010) . One may anticipate that simulation of the response of bacterial cells to osmotic downshock on physiological timescales ($100 ms) (Boer et al., 2011) will become feasible in the near future.
Synthetic Proteins/Non-Natural Amino Acids
Although experimentally challenging, the successful chemical synthesis of MscL (Clayton et al., 2004) provides a foundation for the future generation of variants containing site-specific biophysical (fluorescence) or chemical (crosslinking) probes. In nonMS channel systems, similar objectives have been achieved with suppressor technology to incorporate non-natural amino acids (Wang et al., 2006) , or by protein ligation to integrate synthetic peptides within a ribosomally synthesized framework (Flavell and Muir, 2009) . Conceptually similar approaches have been used to generate light-and pH-activated forms of MscL (Koç er et al., 2005 (Koç er et al., , 2006 .
Structural Methods
While it has been difficult to trap a single type of channel in distinct states, the judicious use of mutants provided an approach successfully used to trap an open form of MscS (Wang et al., 2008) (Figure 4B ). In these studies, the wild-type Ala at position 106-which is conserved in the TM3-TM3 interface-was replaced with Val. Electrophysiological characterization indicated that the channel harboring this substitution requires greater tension to open, but once open, it forms a stable subconducting state, which presumably facilitated crystallization in an open state. The use of homologs provided another approach to trapping different conformational states, as illustrated through the expanded intermediate observed for SaMscL (Liu et al., 2009) , although the interpretation is complicated by a change in oligomeric state. Noncrystallographic structural methods have also been applied to MscL, including the use of electron microscopy (Yoshimura et al., 2008) and atomic force microscopy (Ornatska et al., 2003) to image open conformations. Intriguingly, the overall dimensions of the channels observed in these structures (20-30 nm) are two to three times larger than those proposed for the open state model (Sukharev et al., 2001a) .
Structural Models for the Gating Transition
While there is no universally conserved gating mechanism for MS channels, several general comments can be made. In both MscL and MscS, the gating transition is associated with changes in helix-helix packing around the pore such that one particular helix-TM1 of MscL or TM3 of MscS-appears to dominate the permeation pathway in all conformational states. In the closed state, the channels are characterized by a plug of hydrophobic residues that seal the pore. The transition between closed and open states is often described in terms of an iristype motion of helices; in MscL, the open state is likely associated with an increase in helix tilt (Sukharev et al., 2001a) , while in the open state of MscS, the helices appear to be more oriented along the membrane normal (Wang et al., 2008) . In both channels, an antiparallel pair of helices (TM1 and TM2 from different subunits in MscL, and TM1-TM2 from the same subunits in MscS) reposition during the gating transition. In addition to changes in helix tilt, these transitions may also involve changes in helix kinking (Akitake et al., 2007) .
As noted in the previous section, a key property of a mechanosensitive channel is DA, the change of cross-sectional area in the membrane between two conformational states. From the available structural models, the corresponding cross-sectional areas may be calculated; from these values, the changes in area between different functional states may then be obtained for comparison to the experimentally determined values. From the space-filling models of MscL depicted in the right hand side of Figure 3 , the cross-sectional areas of MtMscL and the Sukharev and Guy model may be estimated as $20 and $43 nm 2 . If these structures are assigned to the closed and open states, respectively, DA is calculated to be $23 nm 2 , close to the latest exper-imental value of $20 nm 2 (while the difference in oligomeric state precludes a direct comparison of SaMscL to MtMscL and the SG model, the side length [5 nm] of the cross-sectional area of SaMscL [approximated as a square] is close to that of the SG model, supporting the interpretation of SaMscL as corresponding to an expanded conformational state). For the two EcMscS structures (nonconducting/inactivated and open; Figures 4A  and B respectively) , the cross-sectional areas modeled as a heptagon are both $50 nm 2 . This value excludes the spaces between TM1-TM2 helices of adjacent subunits in the nonconducting/inactivated model ( Figure 4A ); if these spaces are actually accessible to lipids, the cross-sectional area should be reduced by an amount seven times the area of these gaps/ subunit (estimated as $1 nm 2 ) $7 nm 2 . This estimate for DA is in qualitative agreement with that observed experimentally (10.6 nm 2 ) between the open and inactivated states of MscS (Akitake et al., 2005) .
Establishing the relationship between structurally characterized forms and functionally assigned states remains challenging, as is identifying the effects of those perturbations required to make these studies experimentally accessible. Overexpression, detergent solubilization, crystallization, probe introduction, and mutagenesis perturb channels in ways that are poorly understood, and our ability to predict function from structure is still primitive. The functional state corresponding to the original EcMscS structure is an excellent example; while it was originally interpreted as open (Bass et al., 2002) , molecular dynamics studies subsequently indicated it represents a ''vapor-plugged desensitized or closed state'' and now perhaps it is best described as a nonconductive, tension insensitive, inactivated conformation (Belyy et al., 2010a) .
A second example of these considerations is provided by the physiologically relevant oligomeric state(s) of MscL. Originally, MscL was believed to be a hexamer, until the MtMscL structure revealed a pentamer (Chang et al., 1998) . The tetramer observed in the C-terminal truncated variant of SaMscL (Liu et al., 2009) conclusively demonstrates that MscL adopts multiple alternative oligomeric states, although it does not address their functional relevance. It has been demonstrated that detergents can alter the apparent subunit stoichiometry of various MscLs (Dorwart et al., 2010; Gandhi et al., 2011; Iscla et al., 2011) , and mutations, truncations, affinity tags, protein fusions, chemical modifications, overexpression, etc. may also perturb concentrationand conformation-dependent association equilibria. For MscL, it has not, to our knowledge, been established whether all the MscL channels in a biological membrane are electrophysiologically active, or whether additional nonconducting forms with distinct oligomeric or alternative conformations (such as the precise pairing of TM1 and TM2 between subunits) could be present under certain conditions. While the recent in vivo crosslinking studies of Iscla et al. (2011) support the predominance of pentameric MscL species in membranes, small amounts of other species are also apparent under many conditions that presumably arise from incomplete crosslinking, but could also reflect the presence of alternative oligomeric states. Such considerations highlight the challenges of determining the oligomeric state(s) of membrane proteins in the native lipid bilayer environment, particularly if the population contains a mixture of oligomeric states.
Physiological Functions of MscS-and MscL-Type Channels
While it is clear that MscL and MscS channels allow solutes to flow across the cell membrane in response to membrane tension, the full range of physiological applications of this type of channel activity is still in the beginning stages of investigation. In the section below, we consider how bacterial and eukaryotic cells may use MscL and MscS homologs to sense physiologically relevant changes in membrane tension, convert tension into solute flow across the membrane, and subsequently turn these transmembrane fluxes into useful action.
Osmotic Shock Protection
Both gram-negative and gram-positive bacteria are acutely attuned to osmotic shifts in their surrounding environment and, under conditions of hypo-or hyperosmotic stress, must adjust their cytosolic osmolarity to avoid lysis or plasmolysis (see Poolman et al., 2004 for a review). As the osmolarity of the environment increases, bacteria actively import and/or metabolize potassium glutamate and a suite of osmoregulatory organic solutes, including glycine betaine and proline (summarized in Wood et al., 2001) . The accumulation of such solutes helps maintain cellular turgor in hyperosmotic conditions but presents a liability upon osmotic downshock, when bacterial cells must release these osmolytes or risk lysis (Levina et al., 1999) .
It was predicted almost twenty years ago that MS channels might mediate the release of osmotic metabolites and ions (Berrier et al., 1992) , and early experiments supported this idea. The exit of lactose and ATP from shocked cells was shown to be prevented by treatment with Gd 3+ ions, which inhibit MscL activity in E. coli spheroplasts (Berrier et al., 1992) . Later, the mscL gene was shown to be required for the shock-induced release of several cytosolic proteins (Ajouz et al., 1998; Berrier et al., 2000) . However, the critical breakthrough and link to cell viability came with the identification of yggB as the gene encoding MscS; bacteria lacking both MscS and MscL activities are almost completely unable to survive an osmotic downshock of 0.5 M (Levina et al., 1999) . A recent report adds complexity in that YbdG, a MscS-like channel that contributes to MscM activity in E. coli, is required for survival of less severe osmotic shocks (Schumann et al., 2010) . It has also been demonstrated that homologs of MscL and MscS are required for survival of osmotic shock in B. subtilis (Wahome and Setlow, 2006; Hoffmann et al., 2008; Wahome and Setlow, 2008) , indicating that this function is conserved in gram-positive bacteria.
A currently accepted model is that bacterial membranes contain multiple MS channels with distinct tension thresholds and conductances in order to provide a gradient of responses (Berrier et al., 1992; Batiza et al., 2002; Li et al., 2002; Balleza et al., 2010; Schumann et al., 2010) . According to this argument, the more tensionsensitive channels, with smaller conductances (like MscS and YbdG, see Figure 1 ), are the first line of defense, opening early in response to osmotic shock and ''buffering'' MscL from opening until completely necessary. This strategy would have the advantage of opening a pore only as large as needed to save the cell from rupture, while preserving as much as possible cellular metabolites and membrane gradients. However, there does not appear to be a simple relationship between the gating tension of a particular channel and the level of osmotic shock protection it provides.
For example, the endogenous copy of ybdG protects mscL-mscS-mscK-mutant cells from a 0.15 M, but not a 0.25 M osmotic downshock, while overexpressing wild-type YbdG in the same background provides protection from a 0.5 M shock (Schumann et al., 2010) . These data suggest that the critical threshold to open a channel may depend upon the total number of channels present as well as the structure of the channel itself.
Osmotic Stress Response: Tip of the MscS Family Iceberg? As outlined above, the primary role assigned to MscL-and MscS-type channels is the protection of bacterial cells from osmotic shock. However, the presence of multiple MscS-like proteins in bacterial genomes, as well as their presence in the genomes of multicellular eukaryotic organisms Pivetti et al., 2003; Haswell, 2007; Porter et al., 2009) opens up numerous opportunities for functional specialization. In animal systems, diverse types of MS channels are implicated in osmosensing and osmotic regulation (for example, see Colbert et al., 1997; Liedtke et al., 2000; Palmer et al., 2001; Liedtke and Friedman, 2003) , but also the perception of mechanical stimuli such as sound, pain, and touch (Sidi et al., 2003; Tracey et al., 2003; O'Hagan et al., 2005) ; for a complete overview, see Arnadó ttir and Chalfie (2010). Below, we consider the evidence that MscS family members from bacteria and plants might (1) sense and respond to sources of membrane tension other than internal osmotic stress; (2) be regulated by mechanisms in addition to membrane tension; and (3) signal in ways that are separable from ion flux.
Bacterial and plant species have multiple MscS family members with diverse expression and subcellular localization profiles
In both E. coli and B. subtilis the expression of MscL-and some MscS-type channels is induced in response to high salt and upon entry to stationary phase (Stokes et al., 2003; Setlow, 2006, 2008; Wahome et al., 2009; Schumann et al., 2010) (http://genexpdb.ou.edu/main), leading to the suggestion that MS channels are expressed in anticipation of upcoming osmotic challenges. However, in B. subtilis, MscS and MscL are no longer essential for osmotic shock protection once cells are in stationary phase Setlow, 2006, 2008) . It thus seems equally plausible that MS channels are instead important for the process of exiting stationary phase and re-entering the growth cycle.
The genome of the model flowering plant Arabidopsis thaliana encodes ten MscS-like (MSL) proteins with diverse expression and subcellular localization profiles (Pivetti et al., 2003; Haswell, 2007) . MSL1-3 are targeted to subcellular organelles, while MSL4-10 are targeted to the plasma and vacuolar membranes (Haswell and Meyerowitz, 2006; Haswell et al., 2008) . Furthermore, MSL genes are differentially regulated by a variety of biotic and abiotic factors, including, but not limited to, salt and other osmotica, and are expressed in a wide variety of cells and tissues, including guard cells, reproductive structures, and the vasculature (http://www.weigelworld.org/; http://bar. utoronto.ca/efp_arabidopsis/cgi-bin/efpWeb.cgi). These data are consistent with functional specialization of the ten different channels.
Structural Variation Implies Functional Variation
The portion of MscS that is conserved among both prokaryotic and eukaryotic relatives includes the pore-lining helix (TM3) and the upper portion of the cytoplasmic domain; little conservation is seen outside of this region Pivetti et al., 2003; Haswell, 2007; Balleza and Gó mez-Lagunas, 2009 ). As shown in Figure 1 , most family members are substantially larger than MscS, which may be considered the minimal size for this type of channel (Miller et al., 2003a) . The number of TM helices N-terminal to the conserved pore-lining helix varies from two (as in MscS) to ten or more (as in MscK) among MscS homologs. The structural and functional relevance of these additional TM helices is not clear but may provide an opportunity to regulate the interaction between those helices that interact with surrounding lipids and those that form the channel pore (Booth et al., 2011) .
The size of the C terminus is also highly variable among MscS family members, as is the presence of conserved domains. For example, the members of a recently described MscS subfamily from bacteria harbor a cyclic nucleotide-binding domain at the extreme C terminus, and several show cAMP-dependent channel gating (Caldwell et al., 2010) . The C termini of MSL2 and MSL3, two closely related MscS-like proteins localized to the Arabidopsis chloroplast (Haswell and Meyerowitz, 2006) , are unusually large and harbor a 22 amino acid domain of unknown function that is highly conserved among chloroplasttargeted MSLs from seed plants (E.S.H., unpublished data). Though the exact physiological roles of these additional domains are not yet known, their presence illustrates the potential for undiscovered functions and regulatory mechanisms for MscS family members.
Eukaryotic MscS-like Proteins Have Complex Functions
In eukaryotes, a clear functional link between MscS-type MS channels and osmotic stress response has not yet been established. Reduced expression of a MscS homolog from Chlamydomonas, MSC1, results in the restriction of chlorophyll fluorescence to small regions near the periphery of the cell, presumably due to a loss of chloroplast integrity (Nakayama et al., 2007) . Arabidopsis MSL2 and MSL3 are required for normal chloroplast size and fission, as well as normal leaf morphology (Haswell and Meyerowitz, 2006; Wilson et al., 2011) . There is evidence that MSC1 and MSL3 function as bona fide MS channels, and the appearance of enlarged spherical plastids observed in plants deficient for MSL2 and MSL3 is consistent with an osmotically stressed plastid (Haswell and Meyerowitz, 2006; Nakayama et al., 2007) . However, given the large C termini of MSL2 and MSL3 described above and the complex plastid and whole-plant phenotypes observed when their function is compromised, MSC1, MSL2, and MSL3 may serve additional functions, perhaps even signaling osmotic stress from the plastid to the cytoplasm. No physiological function has yet been ascribed to any other eukaryotic MscS family member.
MscS-like Proteins Are Implicated in Cellular Signal Transduction Pathways
The C terminus of the cyanobacterial MscS homolog PamA was found to interact with the signaling protein PII, a scaffolding protein that coordinates several signal transduction pathways associated with nitrogen and carbon status (Osanai et al., 2005) . Furthermore, a pamA-deficient mutant shows abnormal expression of genes involved in sugar and nitrogen signaling and is glucose sensitive. The exact regulatory relationship between PamA and PII has not been established; PII could regulate PamA (Osanai and Tanaka, 2007) or vice versa, but it seems clear that PamA plays a role in cellular metabolism that is independent of osmotic shock.
Several MscS Homologs Do Not Contribute to Osmotic
Shock Survival E. coli MscK is an intriguing example of a MscS homolog that may have evolved novel functions. Though MscK has a similar conductance to MscS and is nonselective, it does not significantly contribute to osmotic shock resistance (Levina et al., 1999; Li et al., 2002) . MscK may be required for survival under high-K + conditions, as its activation requires external potassium ions (Li et al., 2002) . Removal of the large N-terminal periplasmic domain produces a MscK derivative capable of partially rescuing a mscS-mscL-mutant from osmotic shock (Li et al., 2002; Miller et al., 2003a) . Similarly, several members of the bacterial cyclic nucleotide-gated (bCNG) channel subfamily of MscS homologs do not protect E. coli from osmotic shock and do not show tension sensitivity in electrophysiological experiments, though they are activated by cAMP (Caldwell et al., 2010) . Removal of the cyclic nucleotide monophosphate-binding domain at the extreme C terminus produces channels that are partially protective in the osmotic shock assay (J.A. Maurer, personal communiation). These two examples suggest that additional protein domains found in MscS family members may impose regulatory control on a channel pore that otherwise retains its MS character. A similar function has been ascribed to the ''gatekeeper'' domains, which regulate a subset of voltage-activated potassium channels (reviewed in Armstrong, 2003) .
Are All MscS Homologs Channels? MS channels have been considered to date as essentially sensor proteins, serving to link membrane tension to the transmembrane flux of water, ions, and other solutes. However, the observed variations in structure and expression patterns among bacterial members and the distinct subcellular localizations of eukaryotic MSLs imply that some MscS homologs may have diverged so much as to constitute a different kind of membrane tension sensor or to have functions unrelated to mechanosensation. It is exciting to consider that some members of the MscS family may no longer serve as channels, instead linking membrane tension to a biochemical signal distinct from solute flux. Several lines of evidence indicate that gating of the MscS pore is accompanied by a large change in the conformation of its C-terminal domain (Koprowski and Kubalski, 2003; Miller et al., 2003b; Grajkowski et al., 2005; Machiyama et al., 2009) . Perhaps, in some MSLs, this conformational change regulates interactions with other proteins or functional domains, effectively communicating membrane tension to components of a signal transduction pathway; this would be analogous to the ability of the voltage-sensor domain to be coupled with diverse functional elements, including channels and enzymes (Miller, 2006) . That the C-terminal domains of certain MSL subfamilies are significantly larger than that of MscS, contain strongly conserved motifs, and/or have been shown to interact with signaling proteins (as described previously) is consistent with this possibility.
Conclusions
Mechanosensation is one of the most ubiquitous phenomena in the living world, with consequences for molecules, organelles, cells, and the organisms that harbor them. Studies of mechanosensation in bacteria have served as primary model systems for dissecting mechanoresponse and have led to the identification of a class of membrane proteins that gate in response to membrane tension. Subsequent work on this fascinating class of channels has resulted in the discovery of a host of MscSlike proteins in a diverse variety of organisms, raising the possibility of undiscovered functional roles for this family of channels.
It is our hope that many of the exciting questions raised in this review will be answered in the near future. Revealing experiments could include: (1) a careful examination of the biochemical and biophysical consequences of osmotic shock, measured simultaneously and/or in single cells; (2) the development of new biophysical assays for channel activity as alternatives to electrophysiology for measurement of water or pH flux, or for monitoring conformational changes in real time; (3) evaluation of the role played by MS channels in cellular processes that alter membrane tension other than osmotic stress, such as rehydration of bacterial and pollen spores, membrane remodeling during cell or organelle fission, changes in cell morphology or size, and altered membrane synthesis; and (4) the development of tools to explore the regulatory architecture of MS channel expression, potentially providing significant insights into their function. Finally, MS channels may prove to be useful tools for biologists as well as for the organisms in which they reside when engineered to provide a direct readout of membrane tension in living cells.
